Determination of the dorso-ventral dimension of the vertebrate retina is known to involve retinoic acid (RA), in that high RA activates expression of a ventral retinaldehyde dehydrogenase and low RA of a dorsal dehydrogenase. Here we show that in the early eye vesicle of the mouse embryo, expression of the dorsal dehydrogenase is preceded by, and transiently overlaps with, the RA-degrading oxidase CYP26. Subsequently in the embryonic retina, CYP26 forms a narrow horizontal boundary between the dorsal and ventral dehydrogenases, creating a trough between very high ventral and moderately high dorsal RA levels. Most of the RA receptors are expressed uniformly throughout the retina except for the RA-sensitive RARb, which is down-regulated in the CYP26 stripe. The orphan receptor COUP-TFII, which modulates RA responses, colocalizes with the dorsal dehydrogenase. The organization of the embryonic vertebrate retina into dorsal and ventral territories divided by a horizontal boundary has parallels to the division of the Drosophila eye disc into dorsal, equatorial and ventral zones, indicating that the similarities in eye morphogenesis extend beyond single molecules to topographical patterns.
Introduction
The vertebrate eye develops from the forebrain fold, where activation of several transcription factors delineates a region as the eye field (Li et al., 1997; Mathers et al., 1997) . A short time later during the eye anlage stage, the retinal coordinates are believed to be set up in two determination events, one for the dorso-ventral and the other for the antero-posterior axis. The earliest determinants identified for the antero-posterior axis are two winged helix transcription factors, BF1 for the anterior and BF2 for the posterior retina (Hatini et al., 1994 ). An early determinant for establishment of dorso-ventral asymmetry is the retinoic acid (RA) synthesizing enzyme RALDH2 being transiently expressed at one edge of the eyefield in the mouse, at a similar time when the dorso-ventral eye organization in zebrafish is competent to respond to RA (McCaffery et al., 1993; Hyatt et al., 1996; Niederreither et al., 1997) . Uniform or inappropriately localized exposure of the eyefield to high RA levels at this time causes an excess of ventral retina markers (Hyatt et al., 1996) , and experimental reductions in RA actions by inhibition of endogenous RA synthesis (Marsh-Armstrong et al., 1994) or vitamin A deprivation (Warkany and Schraffenberger, 1946) reduce the size of the ventral eye or eliminate it completely. This effect is mimicked by genetic removal of RA receptors (Kastner et al., 1994 (Kastner et al., , 1997 .
During the brief RA-responsive period, RA diffusing from the polarizing source of synthesis is believed to activate ventral retina characteristics in the adjoining RA-rich region of the eyefield, leaving the RA-poorer region to the default dorsal state, thus in a binary process converting a RA difference into two zones (Hyatt et al., 1996; Dräger and McCaffery, 1997; Dräger et al., 1998) . Early dorso-ventral features are the transiently expressed transcription factors Msh in dorsal retina and Pax2 in ventral retina, as well as the lasting activation of two different RA-generating aldehyde dehydrogenases (Hyatt et al., 1996) . In the mouse the dorsal dehydrogenase is called AHD2 and the ventral enzyme V1. The two dehydrogenases propagate the axis information, created by the transient polarization event, throughout development. In the continuously growing zebrafish retina, expression of the two enzymes extends through life (MarshArmstrong et al., 1994) . In the mouse, V1 becomes undetectable in the late juvenile retina and only AHD2 persists in the adult (McCaffery et al., 1993 ). Here we show that two factors involved in RA actions hone the dorso-ventral retina division. The RA-degrading CYP26 oxidase appears first in the dorsal eye vesicle, the region whose morphogenesis requires low RA levels, and then CYP26 forms a narrow boundary between the AHD2 and V1 expressing territories of the embryonic retina. The transcription factor COUP-TFII is expressed in the dorsal zone defined by the AHD2 dehydrogenase. COUP-TFII (for Chick Ovalbumin Upstream Promotor Transcription Factor), is one of several vertebrate homologs to Drosophila seven-up, a factor essential for development of the central nervous system and involved in the determination of photoreceptor fate (Mlodzik et al., 1990; Fjose et al., 1993; Jonk et al., 1994) . The seven-up/COUP factors are orphan nuclear receptors belonging, like the RA receptors, to the steroid/thyroid hormone receptor superfamily. They represent the most slowly evolving members of this family, indicative of a critical functional role (Laudet, 1997) . The COUP factors function in the modulation of retinoid signaling, in particular in processes involving the 9-cis RA binding class of receptors, the RXRs, as well as other ligandinduced nuclear receptor responses (Qiu et al., 1996) . They act primarily as negative regulators of RAR/RXR transactivation by direct competition through binding to RA response elements and, possibly, by sequestration of RXR into inactive heterodimers. In addition, however, they are also able to directly activate transcription from a RA response element, as has been shown for the arrestin gene (Lu et al., 1994) . For two of the seven-up/COUP cognates found in cold-blooded vertebrates (zebrafish and Xenopus), asymmetrical expression has been observed in the embryonic retina (Fjose et al., 1993; van der Wees et al., 1996) .
CYP26 is a recently cloned member of the large family of P450-linked oxidases, which are susceptible to inhibition by ketoconazole. CYP26 has been shown to act on RA and to be expressed in the embryonic retina (White et al., 1996; Fujii et al., 1997; Ray et al., 1997; Abu-Abed et al., 1998) .
We present here functional assays that detect a narrow band of ketoconazole-sensitive RA degradation running horizontally across the embryonic retina, just dorsal to the optic disc.
The RA system segregated into separate territories, a dorsal third and ventral two-thirds of retinal area in the mouse, appears to provide a fundamental basis for patterning along the dorso-ventral axis of the vertebrate retina. Its topography is reminiscent of similar morphogenetic subdivisions in the eye anlage of the insect embryo (Sun et al., 1995; Brodsky and Steller, 1996) . Conditions created by this arrangement are likely to direct expression of a diverse range of normal and pathological phenomena in the vertebrate retina (LaVail and Battelle, 1975; LaVail et al., 1982; Heckenlively et al., 1991; Stone et al., 1991; Fishman et al., 1992; Szél et al., 1992; Li et al., 1994; Rissi et al., 1995; Marcus et al., 1996; Bao and Cepko, 1997; Johnston et al., 1997; Sefton and Nieto, 1997) .
Results
The two aldehyde dehydrogenases in the retina differ in several characteristics, including substrate range and enzyme kinetics, and one of the functional consequences is an overall higher RA level in ventral than dorsal embryonic retina (McCaffery et al., 1992; Mey et al., 1997) . This was previously detected in cocultures of retina pieces, dissected from dorsal and ventral embryonic retina halves, with RA reporter cells that are transfected with a sensitive RAresponse element driving b-galactosidase expression: the cells show generally higher reporter gene activation for ventral than dorsal samples (McCaffery et al., 1992; Wagner et al., 1992) . In addition, however, such explant cultures display an unexplained feature, as illustrated in Fig. 1 : dorsal activation consistently appears patchy around the perimeters of the explants, as if there are small gaps in RA production somewhere in the dorsal part of the retina (compare Fig. 1A = dorsal, to 1B = ventral).
Almost all actions of RA are mediated by binding and activation of two classes of RA receptors, the RARs and RXRs. In order to fill the need for a longitudinal developmental comparison of the different RA receptors, we tested developing mouse retinas for expression of RARa and RARb, as well as RXRa, RXRb and RXRg, in parallel by Northern blotting (Fig. 2) . At embryonic ages, all five receptors are expressed. Postnatally the RXRb and RXRg gradually decrease in abundance to low levels in the adult; levels of the other three receptors remain similar to embryonic levels. As the genetic elimination of several of these receptors is known to cause a selective size reduction of the ventral eye (Kastner et al., 1994 (Kastner et al., , 1997 , we screened retinas by in situ hybridization for regional differences in RA receptor mRNA expression. Most of these screens were done on whole, isolated retinas ('retina cups'), which was the most reliable and efficient method for comparing differ-ent markers on many different ages. We found most RA receptors to be homogeneously distributed throughout embryonic retinas except for RARb, which reveals a subtle but consistent pattern: its levels are slightly lower in a horizontal region dorsal to the optic disc (Fig. 1C,D) . Since RARb transcription is known to be up-regulated by RA (de Thé et al., 1990) , the band of fainter labeling indicates that RA levels are lower within this region. This observation is consistent with the uneven activation of the RA reporter cells around dorsal explants shown in Fig. 1A .
As the RXR class of receptors interacts with other nuclear receptors including several seven-up homologs, we assayed developing mouse retinas for the mammalian homolog COUP-TFII. Like RXRb and RXRg, COUP-TFII levels are high in the embryonic retina and decline to low values in the adult (Fig. 3A) . In contrast to the other nuclear receptors tested, however, COUP-TFII mRNA is more abundant in dorsal than ventral retinas, as shown by Northern blotting on dorsal and ventral halves of embryonic retinas in Fig. 3B ; the bands in addition to the major bands, visible mainly in the dorsal retina sample, represent known minor COUP-TFII transcripts (Lutz et al., 1994) . The higher abundance of COUP-TFII mRNA in dorsal retina is also apparent by in situ hybridization. Fig. 4A shows retina cups from newborn mice, and Fig. 5A ,C show sections through embryonic day 11 (E11) and E13 retinas, cut in the coronal plane and reacted for COUP-TFII mRNA.
In order to determine where the COUP-TFII mRNA is located with respect to the dorsal domain marked by the aldehyde dehydrogenase AHD2, we double-labeled embryonic retinas for COUP mRNA with a dark alkaline phosphatase reaction product (Fig. 5A,C ) and for AHD2 protein by Cy3 immunofluorescence (red in Fig. 5B,D) ; the approximate border of the dorsal territory is indicated by arrow heads in Fig. 5 . Although the dark in-situ labeling marker somewhat quenched the visibility of AHD2 in the fluorescence channel (especially in Fig. 5D ), it is clear that the localization of COUP-TFII matches with AHD2. The sections shown here were treated with high antiserum concentration in order to bring out an otherwise subtle characteristic, a diffuse labeling of the ventral retina with the aldehyde dehydrogenase antiserum. This antiserum, which had been raised to the rat homolog of AHD2, the class-1 aldehyde dehydrogenase ALDH1 (Lindahl et al., 1983) , labels in standard preparations strongly the dorsal retina third, and the ventral retina only very weakly (McCaffery et al., 1991) . The most likely explanation for the ventral retina labeling is cross-reactivity of the antiserum with the ventral V1 dehydrogenase in the mouse, as has been shown for the ventral retina dehydrogenase in zebrafish (Marsh-Armstrong et al., 1994) . As is apparent in the E13 retina in Fig. 5D , there is a gap between AHD2 and background labeling, just dorsal to the optic disc. The younger E11 retina does not yet show the gap.
This gap in the E13 retina coincides with the mRNA of CYP26, whose localization is illustrated in the section of an (McCaffery et al., 1992; Wagner et al., 1992) : the ventral samples show overall stronger reporter cell activation, and the activation around the dorsal samples is uneven. Scale 500 mm. (C,D) Retina cup from E14.5 embryo reacted for RARb mRNA; top is dorsal and bottom is ventral in the photograph. In (C) the retina is shown from front, and in (D) from back. The white arrows point to a horizontal region dorsal to the optic disc (black arrow), where RARb expression is down-regulated. Scale 200 mm.
E13 retina in Fig. 5G , which was also double-labeled with the AHD2 antiserum ( Fig. 5H ). In addition, we labeled whole-mount preparations of E13.5 and postnatal day 2 (P2) retina cups for CYP26 mRNA, as shown in Fig. 4B , where the younger retina is viewed from back and above and the older retina from front. The different views provided by the sections and whole-mounts show that CYP26 is expressed in a narrow stripe running horizontally across the full width of retina slightly dorsal to the optic disc and ventral to the AHD2 boundary. The localization of the CYP26-expressing stripe is the same as the horizontal stripe of lower RARb expression shown in Fig. 1C ,D. The gap in the background labeling at E13 probably indicates that CYP26 is located dorsal to the V1 territory. In the younger retina shown, at E11, the CYP26 stripe seems to straddle the ventral border of the AHD2 territory (compare Fig. 5E ,F).
In order to determine how early CYP26 mRNA can be detected, we prepared whole-mount in situ hybridizations of younger embryos (Fig. 6 ). For comparison, Fig. 6 also shows a whole-mount of the head from an older embryo. CYP26 expression appears around E8.5 (~12 somites), when faint labeling becomes visible in the dorsal part of the early eye vesicle. Previously we determined by biochemical (zymographic) assays that at this stage the ventral V1 enzyme can be detected in the general eye region, but not yet AHD2 (McCaffery et al., 1993) . About half a day later, at E9, CYP26 is strongly expressed in the dorsal part of the later eye vesicle (Fig. 6, top) . A section through the eye vesicle of this embryo is illustrated below and compared to a similar section from an embryo of the same age labeled for AHD2 protein (Fig. 6, bottom) . Early at E9, when the eye vesicle starts to become flattened, AHD2 can be first detected in its dorsal portion (McCaffery et al., 1991) . The labeling of the dorsal eye vesicles in both sections indicates that the CYP26 and AHD2 expression domains overlap early on.
Whereas the expression of AHD2 protein and of COUP-TFII mRNA in the embryonic retina is non-selective, including all cells throughout the radial width of the neural epithelium, CYP26 mRNA is relatively localized. At the earliest stage, CYP26 mRNA is concentrated at the ventricular side of the neural epithelial cells (compare CYP26 and AHD2 labeling in Fig. 6 , bottom). Later on, single labeled cells barely reach the vitreal margin at the younger ages (Fig. 5E) , and in the older embryos, selected cell labeling is restricted to the outer retina containing proliferating cells, but is absent from the inner region containing postmitotic neurons (Fig. 5G) . In newborn retinas, CYP26 mRNA has become undetectable in the central region, and labeling is only apparent in a peripheral stripe remnant (Fig. 4B) , from where it disappears a few days later. The high expression of CYP26 mRNA at embryonic ages and its rapid decline postnatally, is also illustrated by Northern blotting above in Fig.  3C .
As the CYP26 enzyme has been show to oxidize RA (White et al., 1996; Fujii et al., 1997) , we questioned whether regional RA degradation can be demonstrated for the live embryonic retina and, if so, whether the expression pattern of CYP26 is likely to account for all of the breakdown. For these assays, small pieces were dissected from retinas of E13-14 mouse embryos and cultured for 15-20 h. 
5.
Then the amounts of RA in the cultures were measured with the reporter cells by comparisons with standard RA samples . In a first series of experiments roughly semi-oval wedges were dissected from dorsal and ventral edges of~10 embryonic retinas, in addition to a dorsal stripe region, as sketched in Fig. 7A . The ventral supernatants contained at least twice the RA amount as the dorsal samples, and no RA was detectable in the stripe region. This pattern was consistent either with selective RA degradation or with lack of synthesis in the stripe region; however, a general difference between central and peripheral retina could not be excluded, because the stripe region contained relatively more tissue from the central retina than the wedges. To test for the last possibility, wedges were dis-sected from dorsal, ventral, nasal and temporal retina edges, as sketched in Fig. 7B . RA synthesis assays showed a similar dorso-ventral RA difference as before, and the nasal and temporal samples were very low, a pattern that confirms the stripe-like distribution of the low-RA zone. An odd observation in this series of experiments was that RA levels were consistently slightly higher in the temporal than nasal samples, a difference we did not pursue further here. Finally we asked whether the low RA concentration in the stripe zone is due to low synthesis or to active RA degradation. Stripe regions from embryonic retinas were cultured with 1 nM RA added to the medium, and in half of the samples the medium contained in addition 40 mM ketoconazole, a general inhibitor of P450-linked oxidases. Fig. 7C shows that the stripe very efficiently removed the added RA from the culture medium, and in the presence of ketoconazole, RA breakdown was completely inhibited. The experiment of Fig. 7B was re-peated on embryonic chick retinas (E5 and E6), which have a similar aldehyde dehydrogenase pattern as the mouse (Mey et al., 1997) . Like in the mouse, Fig. 6 . Top: whole-mount in situ hybridizations for CYP26 mRNA of E8.5 and E9 embryos, and of an E11.8 head cut in half along the midline for better probe penetration. Note the labeling of the dorsal parts of the eye regions in the younger embryos and of a central stripe in the older preparation. Scale 1 mm. Bottom: left, a coronal section through the E9 embryo shown above, labeled for CYP26 mRNA, and right, a comparable section labeled for AHD2 protein. Scale 200 mm. Fig. 7 . Assays of defined regions in live embryonic retinas for RA production and degradation. Small pieces were dissected from E13-14 retinas, as indicated in the sketches on the left, cultured for 15-20 h, and the supernatants were tested for RA contents with RA reporter cells , as shown in the histograms on the right. Bars indicate SEM. For details, see text.
RA levels were high in the dorsal and ventral samples but very low in the anterior and posterior samples, indicative for the presence of a similar stripe of a RA degrading enzyme in the chick (not shown).
The most likely explanation for the colocalization of the gap in aldehyde dehydrogenase labeling with CYP26 is a down-regulation in enzyme expression by the low RA levels. As no specific histological marker for the V1 dehydrogenase is yet available, we addressed the question of enzyme segregation by zymography of isoelectric focusing gels, which is currently the only unequivocal way to distinguish between the different aldehyde dehydrogenases . For such experiments, proteins are separated by charge and the gel is cut into lots of slices, from which the protein fractions are eluted and tested for aldehyde dehydrogenase activities with RA reporter cells. In the zymography traces shown in Fig. 8 , the basic gel region containing the AHD2 dehydrogenase is on the left and the acidic region containing V1 is on the right. From a central band along the dorso-ventral axis of E13.5-14.5 retinas we dissected six or eight consecutive pieces (roughly 100 mm wide), and equivalent pieces from~10-15 retinas were pooled to obtain enough material for each assay sample. One experiment from E13.5 retinas, from which six locations were tested, is shown in Fig. 8 . AHD2 was present in the two dorsal samples; sample 3, which included the stripe region as well as some tissues dorsal and ventral to it, had barely detectable trace levels of both AHD2 and V1; and samples 4-6 contained only V1. These experiments were only semi-quantitative, because the tiny sample sizes precluded normalization for protein content, and only roughly similar amounts, as judged by eye, were collected. Moreover, as the retinas taper towards the periphery (see Fig. 5 ), normalization for tissue amount rather than retinal area may not even be appropriate. Nevertheless, part of the increase in enzyme activities towards the poles, seen in Fig.  8 , may be real, pointing to a graded enzyme distribution within each domain. The main conclusion from these measurements is that, within the limitations of the dissections, the expression domains of the two enzymes do not overlap, but are segregated into separate territories.
Discussion
We have shown here the expression of two factors in the embryonic retina, which are known to modulate RA actions, and which relate directly to the dorso-ventral segregation of the retina by the two RA-synthesizing aldehyde dehydrogenases. Expression of the orphan nuclear receptor COUP-TFII is restricted to the dorsal territory. CYP26 (White et al., 1996; Fujii et al., 1997; Ray et al., 1997; Abu-Abed et al., 1998) appears first in the dorsal part of the optic vesicle, and then creates a RA-degrading boundary between the dorsal and ventral territories. Dorso-ventral pattern formation of the vertebrate retina thus seems to be mediated by a multitude of RA-related tools: the dorso-ventral orientation is established by a RA difference across the eye anlage (Hyatt et al., 1996; Dräger and McCaffery, 1997) , where high RA causes activation of ventral retinal characteristics, and low RA of dorsal characteristics. The main and lasting characteristics of the dorsal and ventral territories are the two RA-generating enzymes, and the distinction between the two subdivisions is sharpened by the factors described here.
The COUP transcription factors are believed to function mainly as negative regulators of RA actions (Qiu et al., 1996) , but very little is known about their downstream target genes, and about the functional differences between several closely-related members of this family. COUP-TFII, which is one of at least four vertebrate homologs to the single Drosophila seven-up, is also called ARP-1 or COUPb in mammals (Jonk et al., 1994) and xCOUP-TF-B in Xenopus (van der Wees et al., 1996) . xCOUP-TF-B, like COUP-TFII, is expressed in the dorsal part of the embryonic retina (van der Wees et al., 1996) . The zebrafish form most similar to COUP-TFII, svp[40], may not be a functional homolog, since it is expressed centrally in the embryonic retina (Fjose et al., 1995) . Another seven-up homolog is COUP-TFI, also called COUPa, EAR3 and svp [44] . In zebrafish it is expressed at low levels in the center of the early retina (Fjose et al., 1993) . The expression of a third homolog, which has so far only been detected in cold-blooded vertebrates, is most relevant to the dorso-ventral retinoid patterning: Xenopus xCOUP-TF-A mRNA has been reported to be Fig. 8 . Zymography assays for RA-generating aldehyde dehydrogenases in six consecutive fragments dissected from E13.5 retinas. The sketch on the left illustrates the approximate tissue dissections, and the zymography traces for the samples are lined up on the right. In the traces of the isoelectric focussing gels, left is basic and right is acidic. The basic dorsal enzyme AHD2 is detectable only in the dorsal samples 1 and 2, and the acidic ventral enzyme V1 is in the ventral samples 4-6. located in ventral retina (van der Wees et al., 1996) , and the description of zebrafish svp [46] mRNA in a region near the optic stalk can be interpreted as ventral-retina expression (Fjose et al., 1993) . A fourth and most divergent homolog, EAR2 or COUPg, is uniformly expressed throughout all embryonic tissues in mice (Jonk et al., 1994) .
The CYP26 oxidase (White et al., 1996; Fujii et al., 1997; Ray et al., 1997; Abu-Abed et al., 1998) represents one member of a large family of P450-linked oxidases, several of which are known to be able to oxidize RA (Roberts et al., 1992) . Its early expression in the dorsal part of the eye cup may serve a role in the establishment of the dorso-ventral retina organization, because we observed previously that flooding of the early embryo with high exogenous RA prevents formation of the dorsal retina by suppressing expression of the dorsal aldehyde dehydrogenase (Hyatt et al., 1996) . Here we found that CYP26 expression slightly precedes expression of the dorsal aldehyde dehydrogenase AHD2, and then the two expression domains overlap transiently. If, as we predict, the low RA levels generated by CYP26 are necessary for the initial expression of AHD2, genetic elimination of CYP26 or pharmacological inhibition of the enzyme at the early eye vesicle stage (E8.5 in the mouse) ought to result in decreased levels of AHD2 and impaired dorsal retina formation.
Once the dorsal retina is formed by the eye-cup stage, CYP26 mRNA becomes limited to a narrow horizontal stripe. At this stage CYP26 seems to function as a patterning tool for creating a strict boundary for the separation of the dorsal and ventral retina domains. This boundary corresponds to the expression of several dorso-ventrally segregated components of the retina. One of these is a tyrosine receptor kinase/ligand system (Holash and Pasquale, 1995; Marcus et al., 1996; Holash et al., 1997) : the ventral retina expresses the EphB2 receptor in a territory similar to the V1 dehydrogenase, and the dorsal retina of the early embryo expresses the ligands ephrin-B1 and -B2, as well as the EphA7 receptor in a sharply delineated compartment (Sefton and Nieto, 1997) . The distribution of ephrin-B2 in the dorsal third of the embryonic mouse retina appears identical to AHD2 (Marcus et al., 1996) . Among several other features that follow a similar dorso-ventral expression pattern are a novel member of the TGFb family expressed in dorsal embryonic retina (Rissi et al., 1995) , the dorso-ventrally segregated expression of the two cone types in some rodents (Szél et al., 1992) , and differential rates in photoreceptor degeneration: in the RCS rat, photoreceptor loss is more severe in dorsal than ventral retina, and in the pcd mutant mouse the disease is more advanced in ventral retina (LaVail and Battelle, 1975; LaVail et al., 1982) . In humans, sectoral forms of retinitis pigmentosa follow a pattern that is reminiscent of the aldehyde dehydrogenase pattern in experimental animals (Heckenlively et al., 1991; Stone et al., 1991; Fishman et al., 1992; Li et al., 1994) .
The dorso-ventral retinal differences that reflect the aldehyde dehydrogenase territories are mostly transient biochemical differences, or subtle features only visible with specialized tools, or pathological phenomena. The structure of the mature retina is, in fact, remarkably uniform throughout its extent. We do not know of any histological feature that corresponds to the CYP26 stripe, running as a narrow horizontal line across the retina; and it is baffling that the dorso-ventrally segregated retinoid system does not leave a more significant topographical imprint on the morphology and function of the adult retina. Regional specializations in retinas of different species, such as visual streak, area centralis and fovea, are reflections of particular life styles rather than retinoid distribution; e.g. the regional differences in ganglion cell density in the mouse do not match the aldehyde dehydrogenase pattern (Dräger and Olsen, 1981) . There is no hint of a significant physiological difference between the upper and lower visual fields in mice, nor any indication of a break in the topographical projections (Dräger and Hubel, 1976) . While the overall cone density throughout the mouse retina is quite similar (Edelstein and UCD, unpublished), the dorso-ventral segregation of the two cone types (Szél et al., 1992) will create a rather subtle functional difference: vision in the upper field seen by blue cones ought to show a Purkinje shift at the transition from photopic to scotopic conditions but not the lower field seen by the green cones, which have a spectral sensitivity close to rods.
This lack of a significant functional boundary in the adult vertebrate retina is reminiscent of compartmental/territorial boundaries in the developing insect, which often do not correlate with morphological landmarks in the adult. The compound eye of adult Drosophila appears morphologically uniform, except for a horizontal line of reversal in ommatidial chirality at the equator. This equatorial boundary is only approximately defined by lineage, and it does not completely meet the clonal restriction rule of compartments observed in other imaginal discs (Campos-Ortega and Waitz, 1978) . While the ommatidial pattern reversal is only established behind the morphogenetic furrow, which moves perpendicular to the equator across the eye disc, the localization of the equator is determined earlier: several markers divide the early Drosophila eye disc into dorsal, equatorial and ventral regions (Sun et al., 1995; Brodsky and Steller, 1996; McNeill et al., 1997) . In a pictorial comparison, the CYP26 stripe in the embryonic mouse retina thus resembles the equatorial boundary in the Drosophila eye disc; whether this corresponds to molecular homologies, remains to be seen. A regional effect in Drosophila most intriguing in the present context, is a selective reduction of the ventral eye below the equator caused by genetic elimination of ultraspiracle (Oro et al., 1992) . Ultraspiracle is the Drosophila homolog to the vertebrate RXRs, whose elimination in mice also causes selective ventral eye defects (Kastner et al., 1994 (Kastner et al., , 1997 . Similar to the RXR modulation by the COUP transcription factors, ultraspiracle function is modulated by seven-up (Zelhof et al., 1995) . Ultraspiracle, however, is not activated by any known retinoid (Oro et al., 1992) , no RARs have been identified in Drosophila, and the use of RA as transcriptional activator is fully evolved only in vertebrates (Laudet, 1997) . RA use may have originated in the eye, where its precursor retinaldehyde serves as visual chromophore, and as a corollary of the need to protect ocular proteins from highly toxic free retinaldehyde through oxidation to RA by aldehyde dehydrogenases (Dräger et al., 1998) . In the vertebrate but not invertebrate visual cycle, all-trans retinaldehyde is released from illuminated rhodopsin, and some of it is converted to RA . The similarities in dorso-ventral patterns between the Drosophila and vertebrate retina suggest that RA activation may have gained control over a more ancient dorsoventral patterning system.
As most patterning models for the vertebrate retino-tectal organization are based on morphogenetic gradients (Sperry, 1963; Bonhoeffer and Gierer, 1984) , it is peculiar that the dorso-ventral retina organization appears to be largely bipartite in nature. A selective advantage of a bipartite system is that it generally ought to be more robust and less vulnerable to accidental disturbances, caused e.g. by changes in temperature or periods of starvation, than a morphogenetic gradient. This is particularly relevant for a RA gradient, because it depends on the regulated supply of a nutrient, and because the retinoids, as small diffusible lipids, are liable to competition by exogenous compounds for interference in metabolism (Marsh-Armstrong et al., 1994) or receptor binding (Harmon et al., 1995) . The most vulnerable stage in zebrafish eye development correlates with the transient polarizing RA gradient: since the absolute values of the RA concentration are significant for activation of specific genes, disturbances in RA availability during this short time window activate spatially inappropriate genes, thus causing permanent malformations along the dorso-ventral axis (Hyatt et al., 1996) . In rodents, the vulnerability of the developing eye to vitamin A deficiency, as well as to retinoid excess, has been narrowed down to a corresponding early stage of eye development as in zebrafish (Wilson et al., 1953; Shenefelt, 1972) , and similarly in humans, most severe ventral, coloboma-related ocular malformations of unknown etiology date to disturbances at the eye anlage stage (Mann, 1937) . Small variations in retinoid availability at the later stages of bipartite organization are unlikely to cause significant differences in the dorso-ventral RA pattern, as the differences due to local synthesis and breakdown are likely to outweigh all other fluctuations. A question that remains open is how the bipartite organization will be translated into the most important graded feature, the continuous topography along the dorso-ventral axis, when the optic axons project to central targets. As the dorso-ventral Eph system still reflects the bipartite organization (Marcus et al., 1996; Sefton and Nieto, 1997) , at least at early stages, the creation of continuous topographical projections is probably linked to specific Eph properties.
The early conversion of a transient RA difference through a binary process into two territories in vertebrate eye formation is reminiscent of the step-like interpretation of morphogenetic gradients into distinct subdivisions in the early Drosophila embryo, where the rationale of the process is intuitively evident as the basis for the segmented body plan (Nüsslein-Volhard, 1996) . The introduction of a morphogenetic subdivision into the histologically homogeneous vertebrate retina points to a mechanistic advantage of a boundary patterning system (Meinhardt, 1983) yet to be formulated for the vertebrate visual system.
Materials and methods

Mice and collection of tissues
Mice were raised in a B6/D2 outbred colony purchased from the Jackson Laboratory, and embryos were staged following Theiler's criteria (Theiler, 1972) , where the day of conception is defined as embryonic day 0. The animals were killed by cervical dislocation, and the retinas dissected in ice-cold tissue culture medium.
Retinoic acid and aldehyde dehydrogenase measurements
All RA and enzyme determinations were based on RAsensitive reporter cells, made from the F9 teratocarcinoma line, which respond to increases in all-trans RA concentration with proportional increases in b-galactosidase synthesis . For the measurements of RA and RA degradation by live retina fragments (Fig. 7) , roughly similar amounts of tissue were dissected from particular locations of isolated embryonic retinas, taking the optic fissure as marker for the ventral pole. The samples were cultured for 15-20 h in 100 ml L15 medium; the tissue was spun down, and the supernatant volumes were adjusted for tissue protein content, as determined with the MicroBCA kit (Pierce). The adjusted supernatant volumes were tested as dilution series with the RA reporter cells in parallel with serial dilutions of commercial all-trans RA (Sigma). For the experiments on RA degradation and inhibition of degradation (Fig. 7C) , we did several pilot experiments to determine optimal conditions. In order to control for degradation of the added compounds during the culture time, as well as for changes in the reporter cell responses, media samples containing only the added RA and ketoconazole, but no tissues, were incubated in parallel with the retinal stripe regions to be tested (Fig. 7C) . For the measurements of aldehyde dehydrogenase activities (Fig. 8) , the protein contents were not adjusted due to the very small samples sizes; the assays were done by zymography on native proteins separated by isoelectric focussing, and testing of enzyme activities in gel slices with the reporter cells, as described previously . All RA and enzyme measurements were repeated at least three times in independent experiments and on retinas of slightly different ages.
Northern blots
Total RNA was purified with TRIZOL reagent following the manufacturer's instruction (Gibco-BRL), and the RNA yield from each sample was quantitated by spectrophotometry. Northern blots were performed according to the protocols of (Sambrook et al., 1989) . One mg of total RNA was loaded per lane of a formaldehyde gel and run for 4 h. The gels were blotted onto nylon membranes, and the membranes baked at 80°C for 2 h. Northern blots were prehybridized for 2 h at 42°C in prehybridization buffer containing 50% formamide, 5× SSPE (0.75 M NaCl, 50 mM NaH 2 PO 4 , pH 7.4), 5 mM EDTA, 2× Denhardt's reagent and 0.1% sodium dodecyl sulfate (SDS). Hybridization was performed at 42°C with 50 ng/ml digoxigeninlabeled denatured RNA probe in prehybridization buffer. Alternatively, hybridization was done at 64°C in Northern-MAX buffer (Ambion). The riboprobes included the entire cDNA sequences of the RARs and RXRs; these same probes had previously been used for in situ hybridizations (Dollé et al., 1990; Grondona et al., 1996) ; in addition, we used the complete cDNAs for COUP-TFII (Lu et al., 1994) and CYP26 (Abu-Abed et al., 1998) . The riboprobes were synthesized with the Genius 4 RNA labeling kit from Boehringer-Mannheim following the manufacturer's instructions. The filters were washed twice for 20 min in 1 × SSC (0.15 M NaCl, 15 mM sodium citrate, pH 7.0), 0.1% SDS, followed by three washes of 20 min at 68°C in 0.2 × SSC with 0.1% SDS. To detect the hybridized probe, the membrane was equilibrated in maleic acid buffer (0.1 M maleic acid, 0.15 M NaCl, pH 7.5), blocked in 2% blocking reagent (Boehringer-Mannheim) in 0.1 M maleic acid buffer for 1 h, and incubated for 30 min in a solution of alkaline-phosphatase labeled anti-digoxigenin antiserum diluted 1:20,000. This step was followed by two 15-min washes in maleic acid buffer containing 0.3% Tween 20. The membrane was equilibrated in Tris-HCl pH 9.5 with 0.1 M NaCl for 5 min and then incubated in 5 mL/100 cm 2 of chemoluminescent substrate CDP-Star (Tropix) for 5 min. Excess substrate solution was drained, the membrane placed between two sheets of acetate and, after a 15-min incubation period at 37°C, exposed to X-OMAT (Kodak) film. Size determination of transcripts was by comparison to the 1.6, 1.9, 2.8, 5.3 and 7.4 kb standards from Boehringer-Mannheim.
In situ hybridizations
In situ hybridization was carried out on cryostat-sectioned tissues as described by Barthel and Raymond (1993) , with the following modifications. After removal from the freezer and warm-up, the sections were postfixed in 4% paraformaldehyde for 10 min at room temperature, washed in phosphate buffered saline (PBS), dehydrated and rehydrated in an ethanol series. Sheared salmon sperm DNA (1%) was added to the hybridization buffer. The digoxigenin labeled probes were used at a dilution of 1:100. The digoxigenin labeled hybrids were detected with an alkaline-phosphatase conjugated antibody. The color reaction was enhanced by adding 10% PVA (70-100,000 M r , Sigma) to the NBT/BCIP substrate solution (DeBlock and Debrouwer, 1996) . The slides were incubated in the substrate solution overnight at 30°C. Whole-mount in situ hybridization was performed following the protocol described by Riddle et al. (1993) . The antibody reaction was detected with BM purple (Boehringer-Mannheim).
Immunohistochemistry
All immunohistochemical preparations were done on cryo-sectioned mouse tissue, either directly, or following in situ hybridizations. Non-specific binding of the antibody was blocked with 10% normal goat serum in PBS containing 0.1% Triton-X100. The polyclonal rabbit anti-rat aldehyde dehydrogenase antiserum (Lindahl et al., 1983 ) was diluted at 1:1000 in PBS, 1% goat serum, 0.1% Triton-X100. The slides were incubated overnight at 4°C, washed in PBS with 0.1% Triton-X100, and incubated either with FITC or with Cy3-conjugated anti-rabbit secondary antiserum (Boehringer-Mannheim; Jackson ImmunoResearch) diluted 1:200.
